We report the discovery of a novel pathway for the transformation from highly oriented pyrolytic graphite foils into amorphous diamond platelets. This pathway consists of three stages of neutron irradiation, shock compression, and rapid quenching. We obtained transparent platelets which show photoluminescence but no diamond Raman peak, similar to the case of amorphous diamond synthesized from C 60 fullerene. Wigner defects formed by irradiation are considered to make a high density of diamond nucleation sites under shock compression, of which growth is suppressed by rapid quenching. [4, 5] . The transformation from graphite to diamond, on the other hand, is also a long time issue [6] , and polycrystalline diamond of 10-20 nm across, which exhibits an excellent hardness, was recently synthesized by direct conversion of graphite under static high pressure and temperature [7] . The ultimate smallest crystalline size of diamond was synthesized from C 60 fullerene by the shock compression and rapid quenching (SCARQ) technique [8, 9] , which is a unique method to obtain metastable carbon materials, transformed from the initial carbon phase in a flash. The obtained material is transparent and comprised wholly of sp 3 carbon, suggesting diamond structure, but the diamond crystalline size is within the range of a unit cell. Then it was labeled ''amorphous diamond'' as it is amorphous in the long-range order and diamond in the short-range order [10] . Graphite has not been found to transform to amorphous diamond by shock compression but to crystalline diamond by the martensitic mechanism [11], if shock pressure is applied parallel to the c axis. Here we show a transformation from highly oriented pyrolytic graphite to transparent amorphous diamond tiles by SCARQ. Preirradiation of graphite with a high energy neutron is the key to success.
Irradiation of high energy particles is known to induce modifications of materials such as cross-linkings of polymers [1] . Recently, cross-linking defects were suggested to be formed in irradiated graphite [2] and carbon nanotubes [3] , giving insights on the so-called Wigner defects which have been a long time issue as they induce an undesirable effect on atomic reactors [4, 5] . The transformation from graphite to diamond, on the other hand, is also a long time issue [6] , and polycrystalline diamond of 10-20 nm across, which exhibits an excellent hardness, was recently synthesized by direct conversion of graphite under static high pressure and temperature [7] . The ultimate smallest crystalline size of diamond was synthesized from C 60 fullerene by the shock compression and rapid quenching (SCARQ) technique [8, 9] , which is a unique method to obtain metastable carbon materials, transformed from the initial carbon phase in a flash. The obtained material is transparent and comprised wholly of sp 3 carbon, suggesting diamond structure, but the diamond crystalline size is within the range of a unit cell. Then it was labeled ''amorphous diamond'' as it is amorphous in the long-range order and diamond in the short-range order [10] . Graphite has not been found to transform to amorphous diamond by shock compression but to crystalline diamond by the martensitic mechanism [11] , if shock pressure is applied parallel to the c axis. Here we show a transformation from highly oriented pyrolytic graphite to transparent amorphous diamond tiles by SCARQ. Preirradiation of graphite with a high energy neutron is the key to success.
We utilized highly oriented pyrolytic graphite (HOPG) of HOPG-ZYA from Union Carbide as a starting material and irradiated with fast neutrons at about 333 K to a dose of 2:6 Â 10 24 n m À2 (E > 1 MeV) in the JAERI JRR-2 nuclear reactor. Displacement per atom (DPA) for the neutron-irradiated specimen is estimated to be about 0.2 DPA [12] . The thermal conductivity of the sample at room temperature was reduced to less than 1=100 of that of the unirradiated one [13] . Thin films of about 8 m in thickness were prepared by cleavage with a razor for the unirradiated and irradiated HOPG specimens. Optical microscopy showed that the cleaved surface of the irradiated specimen still remained in a flat and shinning state. The sample was sandwiched by gold foils (200 m thick), which work for heat sinks, and inserted in an iron capsule, in which thickness of the front and back wall of the capsule was 2.5 and 3.0 mm, respectively. The tungsten flyer (2 mm thick and 19.5 mm in diameter) was accelerated to 1:70-1:72 km=s by a powder gun and was impacted to the front side of the iron capsule. The shock pressures determined by the flyer velocity were 51 and 52 GPa for the neutron-irradiated and the original specimen, respectively. The shock pressure was estimated with impedance matching between tungsten and iron, where the effect of the thin gold foils was neglected. The shock wave propagated parallel to the c axis of HOPG and shock duration was estimated to be 540 ns. The estimated shock temperature of the sample was 3800 K by the first shock and approximately 2000 K during the shock duration. The shocked sample was recovered from the capsule. Raman spectra were obtained by a Raman microscope (SPEX, RAMAN-500-UVR). 488 nm light from an Ar-ion laser was focused on the sample with a 40Â objective and a power of 20 mW, which is low enough to avoid some laser irradiation-induced annealing. Figure 1 shows scanning electron micrographs [(a) and (b)] and optical micrographs [(c) and (d)] of the neutronirradiated sample recovered after the shock compression and rapid quenching. A part of the gold foil of the sandwiched specimen was stripped to investigate the recovered sample. We find divisions of the dark areas by bright lines [ Fig. 1(a) ], which correspond to an occurrence of fracture of the original specimen into tiles. The size of tiles ranged from several micrometers to several tens of micrometers. Figure 2 compares the Raman spectra for the unirradiated HOPG, the neutron-irradiated HOPG, and the neutron-irradiated HOPG recovered after the shock compression. The Raman measurements were done in the same condition to compare the relative intensity. The original HOPG specimen shows a sharp graphite peak at 1580 cm À1 on E 2g mode. After neutron irradiation, the graphite peak disappeared, and then a broad band ranging from 800 to 1700 cm À1 appeared, of which shape is similar to amorphous carbon consisting mostly of sp 2 bondings [15] . After the shock compression, a dramatic change occurred in the Raman spectrum. We observe two broad bands at 1600 and 2300 cm À1 and a remarkable increase of the background intensity. No diamond peak at around 1332 cm À1 is observed in spite of the transparency. The broad band at 2300 cm À1 changes the position depending on tiles, and then it should be originated in the interference of laser beams reflected from the top and the bottom of the transparent tiles that is directly seen in the optical image of Fig. 1(d) . The increase of the background intensity has been seen for the amorphous diamond synthesized from C 60 fullerene by shock compression and is due to photoluminescence, probably originating in an existence of defective sp 3 bondings [14] . One should note that the broad band at about 1600 cm À1 did not appear for the amorphous diamond synthesized from C 60 fullerene but did for the polymerized C 60 fullerene formed by a lower shock pressure [14] . This suggests that the transition to amorphous diamond is not complete in the present case with some remaining sp 2 bondings. Another shock compression and rapid quenching experiment was done with unirradiated HOPG in the same pressurized condition to confirm the irradiation-induced defects on the transformation. The result was completely different from the irradiated one. After the shock compression, the unirradiated HOPG foil was broken into pieces with jagged edges and a remaining layered structure (Fig. 3) . Optically, the specimen remained in the initial shiny state. Raman spectroscopy shows the original graphite peak at 1580 cm À1 and an additional defect peak at 1355 cm À1 . This implies a reduction of the crystalline size of graphite [16] from the initial crystalline size of 20 m after the shock compression. The clear difference in the nature of recovered specimens indicates a significant effect of irradiation-induced defects on the synthesis of amorphous diamond by SCARQ. Disordered carbon forms have been shown to be preferable as the starting materials to minimize the pressure and temperature conditions of diamond synthesis for both shock compression [17, 18] and multianvil experiments [19] . The presence of defects such as crystal surface termination, sp 3 hybridized bonds, and higher molar volume (low density) of those materials is suggested to relate the nucleation of diamond [19] .
A question arises: What kinds of irradiation-induced defect should play an important role on the transformation in the present case? The irradiation effects on graphite have been investigated by many researchers as they are an important issue on graphite moderators of a nuclear reactor [20] [21] [22] [23] [24] [25] [26] [27] [28] . High energy particles passing through graphite lattice may cause the displacement of atoms. If the energy transferred to an atom in the lattice is larger than the displacement threshold energy, the atom is pushed into the lattice to form an interstitial, leaving a vacancy behind, which is called a Frenkel pair. Interstitials and vacancies, respectively, develop to various types of defect clusters under irradiation. Frenkel pairs remaining after irradiations remarkably annihilate on annealing above 573 K, releasing Wigner energy [21] [22] [23] 26] . According to the experimental [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] and theoretical studies [2, 31, 32] , the irradiationproduced defects can be classified into in-plane defects of single vacancy, vacancy clusters and dislocation dipoles, single interstitial, interstitial clusters such as diinterstitials, and cross-linking defects, as shown in Fig. 4 . A dislocation dipole is considered to be a reconstructed vacancy line cluster with a pair of sevenfold and fivefold rings or an eightfold ring at the ends [31] . The formation of these defects depends on the irradiation temperature, dose, and incident particles. Under prolonged irradiation, disordering occurs preferentially in the basal planes of graphite by the accumulation of dislocation dipoles [31] , which would induce the buckling and rotation of basal planes [25, 30] . The disordered structure is thermally stable on annealing at 873 K [23] . FIG. 3 . Electron micrograph of HOPG specimen recovered after the shock compression. The shock experiment was done in almost the same pressurized condition done for the neutronirradiated HOPG. The specimen is broken into pieces with jagged edges but still preserves the initial layered structure. The broad Raman spectrum of the neutron-irradiated graphite (Fig. 2) is generally considered to be a signal of amorphous carbon [15, 24, 27] . However, one should note that we could cleave the neutron-irradiated HOPG parallel to the basal plane. This supports the preferential disordering of the basal planes and suggests the number of crosslinking defects is not so high as to strongly combine the neighboring planes. Also, we should note that the irradiated HOPG is already compressed locally by the existence of irradiation-induced defects. The a spacing decreases by about 2%, which induces the softening of the out-of-lane vibrations [33] , while the c spacing expands by more than 15%.
A tentative scenario on the synthesis of amorphous diamond tiles from the neutron-irradiated HOPG under shock compression is as follows. The disordered layered sequences [27, 30, 31] induced mainly by the formation of dislocation dipoles prevent the martensitic transformation from graphite to diamond under shock compression. Defective sites relating to Wigner defects should make a high density of diamond nucleation sites, leading to the synthesis of amorphous diamond tiles, although the dominant defect for the nucleation is still an open question. The release of Wigner energy of about 3 kJ=g, and the softening of the out-of-plane vibrations may assist to conquer the transition barrier on the bonding change from sp 2 to sp 3 in the pressurized condition.
In conclusion, we have discovered a novel pathway for the transformation from highly oriented pyrolytic graphite into amorphous diamond. The pathway consists of neutron irradiation, shock compression, and rapid quenching. Wigner defects produced by irradiation are considered to work as the nucleation sites for diamond. In the pathway, we can control the introduction of Wigner defects in terms of the kind, the amount, and the spatial distribution by changing the irradiation condition of dose, temperature, and incident species [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] 34] and preparing thin foils by cleavage as a starting material for the shock compression. Thus, the combined method of irradiation and shock compression is a promising way to synthesize new carbon materials such as amorphous diamond. Further experimental and theoretical studies are needed to clarify the transition mechanism with the aid of Wigner defects and the detailed properties of amorphous diamond generated from graphite.
